Within a microscopic approach which takes into account RPA configurations, the single-particle continuum and more complex 1p1h ⊗ phonon configurations isoscalar and isovector M1 excitations for the unstable nuclei 56,78 Ni and 100,132 Sn are calculated. For comparison, the experimentally known M1 excitations in 40 Ca and 208 Pb have also been calculated. In the latter nuclei good agreement in the centroid energy, the total transition strength and the resonance width is obtained. With the same parameters we predict the magnetic excitations for the unstable nuclei. The strength is sufficiently concentrated to be measurable in radioactive beam experiments. New features are found for the very neutron rich nucleus 78 Ni and the neutron deficient nucleus 100 Sn.
Introduction
There is a rich history in the study of M1 excitations in nuclei (see ref. [1] for a recent review). For more than two decades the experimental effort has concentrated on stable magic nuclei . Unfortunately, in the valley of stability, the number of cases is quite limited which rules out systematics of the quality we are used to from electric resonances [2] . With the availability of radioactive beam facilities this may change since far from stability new nuclei become available with similar shell characteristics as the stable magic ones [3] . Aside from systematics such nuclei are also of great astrophysical interest (see references in [4] ).
The aim of the present paper is to extend the microscopic models which describe well the known resonances to the new region accessible by radioactive beams. As is well known, the RPA with phenomenological Landau-Migdal interactions is able to reproduce the excitation energies of known isoscalar and isovector M1 excitations with a universal set of spin-interaction parameters g and g ′ . Including effective spin g-factors ∼ 0.7 − 0.8 the observed total transition strengths are also reproduced [5, 6, 7, 8] . The RPA fails, however, to account for the resonance width which, especially in heavy nuclei, is caused by a coupling to more complex configurations. For the M1 case there are several approaches for including such configurations [9, 10, 11] . Concerning the quenching of M1 strength the most reliable approach seems to be the use of phenomenological values for the g-factors.
By now, these are very well establish from a variety of experiments [8, 12] and are universal for all nuclei measured. For predictions in unstable nuclei knowledge of global interaction parameters and g-factors is of crucial importance.
Most realistically, the more complex configurations are described as one-particle onehole states coupled to low-lying surface vibrations (1p1h ⊗ phonon states) using known parameters. Recently a formalism for including such configurations in conjunction with the single-particle continuum has been successfully used in the description of giant electric resonances [13, 14] . In particular, the widths are reproduced satisfactorily. We shall employ this approach here in the study of M1 transitions in unstable nuclei.
The theory will be briefly described in sect. 
Theory
The approach which we shall use has been developed in the framework of the consistent Green's function method and is based on Migdal's Theory of Finite Fermi Systems (TFFS) [15] . The main physical idea is to include 1p1h ⊗ phonon configurations instead of "pure" 2p2h ones and thus to make use of the fact that, in magic nuclei, the squared phonon creation amplitude is a small parameter g 2 < 1. This enables one to restrict the calculation to particle-phonon coupling terms of order g 2 . Furthermore only a small number of phonons of maximum amplitude (maximal g 2 ) need to be considered, i.e. the most collective low-lying ones. This makes it possible to use known parameters of the TFFS which determine the local effective interaction and quasiparticle charges (taking phonons into account explicitly gives non-local contributions). In addition, a small number of phonons greatly reduces the computational effort. This physical assumption has been confirmed in several calculations of M1 excitations [11] , the giant dipole resonance [13, 14] as well as E2, E0 resonances [16] .
The theory is formulated, most efficiently, in coordinate space. For an applied external field V 0 with frequency ω, the change in density δρ = ρ − ρ 0 from equilibrium is given by
and the frequency distribution determines the excitation spectrum of the system. Here e q denotes the local quasiparticle charge and F the quasiparticle interaction. As discussed above, these can be taken from the TFFS. The generalized propagator A contains the RPA part as well as the 1p1h ⊗ phonon configurations and was derived in ref. [17] in a representation of the discrete single-particle basis {φ λ ,ǫ λ }. The tilde indicates that these states have been corrected for mean field contributions from the particle-phonon coupling, already included in phenomenological potentials of the Woods-Saxon type. Since these contributions are included explicitly they have to be removed from the single-particle potential to avoid double counting. To include single-particle emission, the discrete propagator A 1234 has to be augmented by a continuum part and takes the form
whereÃ RP A cont is the continuum RPA propagator (for details see ref. [18, 19] ).
The M1 transition probabilities between the ground-and excited states are determined by the strength function
Via the optical theorem this is related to δρ as
and the solutions of Eq. (1) determine dB(M1)/dω.
The summation over single-particle states in Eq. (2) is usually performed for two shell above and below the Fermi level. Aside from providing a finite width above the continuum threshold our method has the distinct advantage, over discretized calculations of this type, that the matrix dimension still remains manageable.
A major difference between the approach presented above and similar approaches [20, 21, 22] is the consistent inclusion of ground state correlations (GSC) beyond the RPA.
There are two kinds of such 2p2h (to be more exact 1p1h⊗phonon in our case) correlations.
One is GSCs without "backward going" diagrams containing the quasiparticle-phonon interaction. The second one which includes these diagrams has new poles which generate new states. In the RPA, GSCs are caused by non-pole diagrams, only, which cannot produce additional excited states. In this sense our theoretical extension is qualitatively different from the RPA. For M1 excitations in magic nuclei the consequences have been discussed in Refs. [11, 23] without taking into account the single-particle continuum. For the spin-saturated nuclei 16 O and 40 Ca, where strong M1 excitations are not allowed because of missing spin-orbit partners, one obtains M1 excitations which describe the experimental data reasonably well.
Approximations and Parameters
The main physical approximations have been described above and in [13, 14] . Here we present the parameters used for the present calculations.
According to the selection rules only the spin-dependent part of the Landau-Migdal interaction
enters in the M1 excitations. In order to predict the M1 states in the unstable nuclei reliably we have slightly adjusted the g ′ parameter to obtain the well-known 1 + levels in 48 Ca. This gives g ′ = 0.86 instead of g ′ = 0.96 used previously [8, 11, 23, 17] (C 0 = 300
MeV fm 3 ). For the parameter g we have used g = −0.05.
The local quasiparticle charge was determined from [15] 
where
as obtained earlier [24, 8, 11, 23, 17] . These values yield for the spin local charge e p q = 0.64γ
p and e n q = 0.74γ n .
The low-lying collective phonons (listed in Table 1 for the various nuclei considered) which are taken into account in the 1p1h ⊗ phonon coupling have been calculated within RPA using the following known Landau-Migdal parameters
for all nuclei. Since the spin-dependent contributions to the low-lying phonon spectrum is small, the difference between g ′ = 0.86 and g ′ = 0.96 has no noticeable consequences for the results. The parameters f ex has been fitted to available phonon energies and ranges from -5.0 to -3.5 which is not far from the value f ex = −3.74 used earlier [13, 14, 16 ].
The single-particle states have been calculated from a standard Woods-Saxon potential [25] . To get good agreement with measured single-particle energies which are available for of the central part of the potential has been adjusted, changing the depth parameter by less than 5%. A list of single-particle energies, thus obtained, is given in Table 2 . Another check is the energy of the g 9/2 (p) → g 7/2 (n) Gamow-Teller transition in 100 Sn. We find a transition energy of 7.6 MeV which coincides with the results of Ref. [28] .
As mentioned above, the coupling of single-particle states to phonons gives a contribution to the observed single-particle energies. When adjusting the Woods-Saxon potential to empirical energies such contributions are already accounted for. In order to avoid double counting the particle-phonon contributions should be removed. This leads to a "refined" basis {φ λ ,ǫ λ }. The corrected energiesǫ λ are obtained by solving the non-linear
where λ ≡ {n, l, j}.
Finally, in order to account for instrumental resolution in the experiment we have included an energy averaging parameter ∆.
Results and Discussion
The results of our calculations are presented in Table 3 Table 3 are defined as In 208 Pb the two particle-hole transitions 1h 11/2 (p) → 1h 9/2 (p) and 1i 13/2 (n) → 1i 11/2 (n)
form an isoscalar and isovector transition within the RPA. Taking into account the more complex configurations we obtain reasonable agreement with experiment for both the isoscalar 1 + level at E exp =5.85 MeV and for the isovector M1 resonance (Fig. 2) . A rather strong quenching has been obtained so that our value B(M1 ↑) = 11.6µ 2 0 is less than the experimental value of 15.6µ Table 3 ). Table 3 and Fig. 3 give the results for 56 Ni [4] . As with 208 Pb this is a non-spin saturated nucleus with the 1f 7/2 shell filled for protons and neutrons. Thus an isoscalar and isovector state can be formed. The influence of the 1p1h ⊗ phonon states is quite noticeable reducing the strength in the peak by more than a factor of two. As can be seen from Fig. 3 and, in particular, from Fig. 8 (here the averaging parameter is 20 keV only) there is no fragmentation width for the resonance peak. The latter result also seems to hold for 132 Sn (Figs. 6 and 10 ). For 56 Ni we confirm the result of ref. [30] where no fragmentation width was found in a continuum RPA calculation.
We now come to the "very exotic" nuclei 78 Ni and 100 Sn. In the former the 1f 7/2 (p) and 1g 9/2 (n) are occupied while in the latter both 1g 9/2 shells are full. As seen in Fig. 4 78 Ni has an asymmetric resonance shape with a width of ∼ 1 MeV. The M1 resonance in the very neutron deficient 100 Sn is split into two major peaks withĒ 1 = 9.8 MeV and E 2 = 10.5 MeV (Fig. 5) . The low-lying isoscalar level is spit also. These features are caused by the inclusion of the 1p1h ⊗ phonon configurations and for 100 Sn also by the very small value of the proton binding energy B p = 2.91 MeV.
Conclusion
Within a microscopic approach which includes the continuum RPA as well as 1p1h ⊗ phonon configurations we have calculated isoscalar and isovector M1 excitations in the unstable nuclei 56,78 Ni and 100,138 Sn. To judge the quality of our predictions we have also given results for the "known" M1 excitations in 48 Ca and 208 Pb. For the latter good agreement with experiment in the centroid energy, the transition strength and the width is obtained. This, together with the fact that we have used known universal parameters for the effective interaction and the local M1 charge, gives us confidence that the predictions for the unstable nuclei are realistic.
The location of the isovector M1 resonances agrees rather well with the RPA calculations. In all cases studied, we find a considerable influence of the particle-phonon coupling on the width and the strength distributions. As compared with the RPA there is noticeable strength in the high-energy tails and a decrease of strength in the resonance region.
The damping effects are particularly pronounced in the extremely neutron rich nucleus 78 Ni as well as the neutron deficient 100 Sn. We did not find a simple A-dependence of the resonance widths. All these features depend delicately on the interplay between the shell structure and the low-lying vibrational modes.
For approaches, like the one used here, which are based on a phenomenological singleparticle scheme and the effective Landau-Migdal interaction it is important to experimentally confirm the results presented here. In particular, it would give reassurance of the universality (A-independence) of the Migdal parameters (5) and (7) and hence would allow to generalize the present approach to non-magic nuclei and to use it for many nuclei far from stability. 48 Ca with an averaging parameter ∆ = 100 keV. Fig. 2 . Same as in Fig. 1 but for 208 Pb. Fig. 3 . Same as in Fig. 1 but for 56 Ni. Fig. 4 . Same as in Fig. 1 but for 78 Ni. Fig. 5 . Same as in Fig. 1 but for 100 Sn. Fig. 6 . Same as in Fig. 1 but for 132 Sn. Fig. 7 . The M1 strength function for 48 Ca, ∆ = 10 keV. 
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